We have analyzed the clustering of C iv and Mg ii absorption-line systems on comoving scales r from 1 to 16 h −1 Mpc, using an extensive catalog of heavy-element QSO absorbers with mean redshift z C iv = 2.2 and z Mg ii = 0.9. We find that, for the C iv sample as a whole, the absorber line-of-sight correlation function is wellfit by a power law of the form ξ aa (r) = (r 0 /r) γ , with maximum-likelihood values of γ = 1.75
Introduction
The exact nature of QSO heavy-element absorption-line systems is not yet well understood. Nevertheless, there is growing evidence suggesting that these absorbers are associated with galaxy haloes and disks. Deep images of fields around QSOs with absorbers in their spectra have been made, and galaxies have been found at the redshifts and in the vicinities of absorbers (e.g., Steidel, Dickenson, & Persson 1994; Steidel et al. 1997 ). The distances between galaxies and the associated absorbers are inferred to be of order 100 kpc, or the size of an extended galaxy halo (Churchill, Steidel, & Vogt 1996) . (This association has also been inferred for a substantial fraction of the Lyα absorbers [Lanzetta et al. 1995] , but they are not the subject of this work.)
One approach in relating absorbers to galaxies is to compare their respective clustering properties. In a previous paper, Quashnock, Vanden Berk, & York (1996, hereafter QVY) analyzed line-of-sight correlations of C iv and Mg ii absorption-line systems on large scales, using an extensive catalog of 2200 heavy-element absorption-line systems in over 500 QSO spectra . (More details about the catalog can be found in an earlier version of the catalog [York et al. 1991] , as well as in QVY.) These authors found that the absorbers are clustered, like galaxies, on comoving scales of 50 to 100 h −1 Mpc (q 0 = 0.5). This high-redshift (z from 1.5 to 3.5) superclustering of the absorbers is on just the same comoving scale as that traced by the voids and walls of galaxy redshift surveys of the local universe (e.g., Kirshner et al. 1981; Geller & Huchra 1989; Landy et al. 1996) . It thus appears that the absorbers are tracing the same structure as that traced by galaxies on very large scales.
In this paper, we extend the QVY analysis of line-of-sight correlations of C iv and Mg ii absorption-line systems to smaller comoving scales -from 1 to 16 h −1 Mpc-and relate the small-scale clustering of absorbers to galaxy clustering in general. We begin by outlining our likelihood method of estimating the correlation function from the data in § 2. We then discuss the form of this correlation function in § 3. We also present results on the evolution of the clustering, by calculating its redshift dependence in § 4. We discuss some of the implications of these results in § 5, and conclude in § 6. In Appendix A, we explicitly calculate the likelihood as a function of data and model parameters.
Likelihood Method of Estimating the Absorber Correlation Function
Here we outline our likelihood method of estimating the line-of-sight correlation function, ξ aa (r, z). (We defer a detailed calculation of the likelihood function to Appendix A.) Unless otherwise noted, we take q 0 = 0.5 and Λ = 0. We follow the usual convention and take the Hubble constant to be 100 h km s −1 Mpc −1 .
The correlation function ξ aa (r, z) relates the observed number of absorber pairs, separated by comoving distance r at redshift z, with the expected number of pairs, of the same separation and redshift, from an unclustered absorber population. The data D consist of the observed set of absorber pairs i, each with comoving separation r i at redshift z i . Normally, in calculating the correlation function, these data are binned, and ξ aa (r, z) is obtained by dividing the observed number of pairs in a bin by the number expected in the bin. In our likelihood approach, no such binning is necessary. Consider a certain model for ξ aa (r, z). Each such model is described by a set of parameters M , and we wish to find those parameters which best describe the observed data D. To do so, we must maximize the likelihood L, calculated in Appendix A (eq. [A4]), which is the probability of the data D, given the model parameters M for the correlation function ξ aa (r, z): L ≡ P (D|M ). Given a prior distribution, P (M ), for the model parameters (usually obtained from physical or symmetry arguments), we can use Bayes' Theorem to then calculate the posterior probability distribution, P (M |D), for the model parameters M , given the data D (see Loredo 1992 for a compendium of astrophysical applications of Bayesian inference):
Those parameters which maximize the likelihood are those we take as the "best-fit" values, and credible regions for the parameters around the maximum-likelihood values are obtained from equation (1), by requiring that a fiducial amount of posterior probability (such as 68.3% or 95.5%, nominal 1-and 2-σ amounts) be contained inside the credible region.
In this paper, we consider three models for the correlation function. The first is a simple power law, with comoving clustering length r 0 and power-law index γ:
The second is also a power law, but with an amplitude that evolves with decreasing redshift as a power of the expansion factor:
Again r 0 is the comoving clustering length (at a fixed redshift z 0 ), ǫ is the conventional evolutionary parameter (Groth & Peebles 1977; Efstathiou et al. 1991) , and γ is a power-law index that does not evolve with redshift. The third model is that of a power-law correlation function evolving according to linear theory of gravitational instability (Peebles 1980 (Peebles , 1993 :
where g(z, Ω 0 , Λ) is the growth factor. When Ω 0 = 1 and Λ = 0, g ∝ (1 + z) −1 .
Our C iv and Mg ii data sample is drawn from the catalog of Vanden , using the same selection criteria as those in QVY. It consists of 260 C iv absorbers, drawn from 202 lines of sight, with redshifts ranging from 1.2 < z < 3.6 and mean redshift z C iv = 2.2, and 64 Mg ii absorbers, drawn from 278 lines of sight, with redshifts ranging from 0.3 < z < 1.6 and mean redshift z Mg ii = 0.9. Figure 1 shows the line-of-sight correlation function ξ aa (r), for the entire sample of C iv absorbers (with mean redshift z C iv = 2.2), as a function of absorber comoving separation r from 1 to 16 h −1 Mpc, in 4 octaves. (We restricted our analysis to these scales, because data on scales larger than 16 h −1 Mpc is too scarce to be used unless it is put in very large bins, and because we did not want to examine scales smaller than 1 h −1 Mpc where internal motions of the absorbers are thought to dominate [Heisler, Hogan, & White 1989] .) The vertical error bars through the data points are 1-σ errors in the estimator for ξ aa . The correlation function and error bars are computed in the same fashion and using the same selection criteria as outlined in our previous paper (Quashnock, Vanden Berk, & York 1996) , except that we have combined all absorbers lying within 1.0 (instead of 3.5) comoving h −1 Mpc of each other into a single system.
Form of the Correlation Function
From Figure 1 , the absorber line-of-sight correlation function on smaller scales can be described by a power law. However, some information has been lost because of the binning of data required to make the errors in Figure 1 reasonably small. Accordingly, a standard χ 2 -fit to the data is not the most powerful method available.
Instead, we have used the maximum-likelihood method of § 2 (eq. [A4]) to fit a power law of the form given in equation (2) to the unbinned C iv data. We find maximum-likelihood values for the parameters, obtaining r 0 = 3.4 h −1 Mpc and γ = 1.75. This fit is shown in Figure 1 , and describes the data quite well. Figure 2 shows the credible region for these parameters. The cross marks the maximumlikelihood location, and the heavy and light contours mark the 1-σ and 2-σ credible regions, respectively. (Note that in calculating the credible regions, we have used Bayes' Theorem (eq. [1]) and taken uniform priors in the power law intercepts to Fig. 1 , corresponding to uniform priors P (M ) in the parameters γ and log 2 r 0 .)
We condense the information in Figure 2 by showing the marginalized posterior distributions for the parameters γ and r 0 in Figures 3 and 4 , respectively. The vertical lines mark the 1-σ credible regions, which we find to be 1.05 < γ < 2.25, and 2.4 h −1 Mpc < r 0 < 4.1 h −1 Mpc (q 0 = 0.5). Thus, for the C iv sample as a whole, the absorber correlation function is well-fit by a power law of the form ξ aa (r) = (r 0 /r) γ , with maximum-likelihood values of γ = 1.75
−0.70 and comoving correlation length r 0 = 3.4
Unfortunately, the Mg ii sample, with only 64 absorbers (with mean redshift z Mg ii = 0.9) compared to 260 absorbers in the C iv sample, is not large enough to adequately model the form of the correlation function. The data are, at the 95% confidence level, consistent with all values of γ > 1.55. Nevertheless, the sample is large enough to constrain the comoving correlation length, if we fix the value of the power-law index at γ = 1.75. In this case, we find that r 0 = 8.4 ± 2.0 h −1 Mpc. This larger value -assuming that C iv and Mg ii clustering is directly comparable (see Petitjean & Bergeron [1990 for a comparison of Mg ii and C iv clustering) -suggests that the amplitude of the correlation function has grown between redshift z C iv = 2.2 and redshift z Mg ii = 0.9. In the following section, we find that this is indeed the case, by investigating the evolution of the correlation function, using the entire sample of C iv and Mg ii absorbers.
Evolution of the Correlation Function
We have investigated the evolution of the clustering of absorbers by dividing the C iv absorber sample into three approximately equal redshift sub-samples, and comparing these to the Mg ii sample. Figure 5 shows the mean of the correlation function, ξ 0 (z), averaged over comoving scales r from 1 to 16 h −1 Mpc, for the low (1.2 < z < 2.0), medium (2.0 < z < 2.8), and high (2.8 < z < 3.6) redshift C iv sub-samples, as well as for the Mg ii sample (0.3 < z < 1.6). The amplitude of the correlation function is clearly growing rapidly with decreasing redshift.
We have used the maximum-likelihood formalism of § 2 and Appendix A to fit the unbinned C iv and Mg ii data, and describe the evolution of the correlation function, using the evolving power law, given by equation (3). We fix z 0 at the mean C iv redshift of 2.2, so that the parameter r 0 corresponds to the correlation length at that redshift, enabling a direct comparison with the results of § 3 for the C iv sample as a whole (see below). Since the data for the Mg ii sample, as well as for the C iv sample as a whole, are consistent with a constant value of the power-law index γ, and since growth of hierarchical clustering in gravitational instability theory (Peebles 1980 (Peebles , 1993 and in numerical simulations occurs with a constant value of γ, we have fixed γ at its maximum-likelihood value of 1.75 in our analysis below, and parametrized the evolution of the correlation function in terms of the evolutionary parameter ǫ and the correlation length r 0 at redshift z 0 = 2.2. Figure 6 shows the credible region for these parameters. The heavy and light contours mark the 1-σ and 2-σ credible regions, respectively. The cross marks the maximum-likelihood location, which we find to be ǫ = 2.05 and r 0 = 3.2 h −1 Mpc. This fit is the one shown as a solid line in Figure 5 .
We show the marginalized posterior distributions for the parameters r 0 and ǫ, in Figures 7 and 8, respectively. The vertical lines mark the 1-σ credible regions, which we find to be 2.6 h −1 Mpc < r 0 < 3.8 h −1 Mpc, and 1.05 < ǫ < 3.05. (It should be noted that all these results are with q 0 = 0.5. With q 0 = 0.1, we expect our estimates of ǫ to decrease by about 1.3 .)
It is interesting to compare the posterior distribution for r 0 in Figures 4 and 7. Both have a maximum near the same location at r 0 ∼ 3.3 h −1 Mpc, but the distribution in Figure 7 is definitely narrower. This is not surprising, since the evolution in the amplitude of the correlation function (and hence in the correlation length) has smeared the distribution of r 0 in Figure 4 . There, r 0 represents the correlation for the C iv sample as a whole (with mean redshift z C iv = 2.2), whereas in Figure 7 we have allowed for evolution, with r 0 representing the correlation length exactly at z 0 = 2.2. The fact that the distribution in Figure 7 is narrower is more evidence in favor of an evolving correlation function. With ǫ = 2.05 ± 1.0, the no-evolution case (ǫ = −1.25) is in fact ruled out at the 3.3-σ (99.95 %) confidence level.
Discussion
We have analyzed the clustering of C iv and Mg ii absorption-line systems on comoving scales r from 1 to 16 h −1 Mpc, using a new likelihood method that does not require the usual binning used to compute the correlation function. We find that the form of the line-of-sight correlation function is well-described by a power law of the form ξ aa (r) = (r 0 /r) γ , with maximum-likelihood values for the power-law index of γ = 1.75
−0.70 . The clustering of absorbers at high redshift is thus of a form that is consistent with that found for galaxies and clusters, at low redshift, on megaparsec scales (γ = 1.77 ± 0.04 for galaxies [Davis & Peebles 1983] , γ = 2.1 ± 0.3 for clusters [Nichol et al. 1992] ). It appears that the absorbers are tracing the large-scale structure seen in the distribution of galaxies and clusters, and are doing so at high redshift. The finding strengthens the case for using absorbers in probing large-scale structure.
We find that the amplitude of the correlation function, characterized by the correlation length r 0 , is growing rapidly with decreasing redshift. For the entire C iv absorber sample, with mean redshift z C iv = 2.2, we find that r 0 = 3.4 +0.7 −1.0 h −1 Mpc (q 0 = 0.5), whereas for the Mg ii sample, with mean redshift z Mg ii = 0.9, we find that r 0 = 8.4 ± 2.0 h −1 Mpc. The C iv sample is large enough to be divided into several sub-samples; by using the all the data sets, and parametrizing the amplitude of the correlation function in the usual manner as ξ 0 (z) ∝ (1 + z) −(3+ǫ)+γ , we find that the rapid growth is reflected in a large value for the evolutionary parameter, namely ǫ = 2.05 ± 1.0. This value is 3.3-σ from the no-evolution value (ǫ = −1.25); thus, at the 99.95 % confidence level, growth of the correlation function due to gravitational instability has been detected (see below).
Evidence for a trend of increasing clustering of Lyα absorbers (with N (H i) > 6.3× 10 13 cm −2 ) with decreasing redshift has been found by Cristiani et al. (1997) . These authors also find a clear trend of increasing Lyα absorber clustering with increasing column density, and find that an extrapolation to column densities typical of heavy-element systems (N (H i) > 10 16 cm −2 ) is consistent with the clustering observed for C iv absorbers (Petitjean & Bergeron 1994; . Our finding of growth in the clustering of heavy-element systems with decreasing redshift supports both a continuity scenario between Lyα and heavy-element systems , and the common action of gravitational instability. Fernández-Soto et al. (1996) have investigated the correlation function of Lyα absorbers (with N (H i) > 3 × 10 14 cm −2 ) at high redshift, by using corresponding C iv systems as tracers. After comparing the observed correlations at high redshift to the galaxy correlation length at present (viz., r 0 ∼ 5.5 h −1 Mpc), they find that the evolutionary parameter is anywhere between 1.5 < ǫ < 2.8 (approximate 1-σ confidence, see Fig. 4 , Fernández-Soto et al. [1996] ), consistent with our finding. However, their determination, unlike ours, is dependent upon comparing absorber clustering in the past with galaxy clustering at present. This is problematic, since the exact relationship between the stronger Lyα absorbers, presumed to be haloes of protogalaxies, and the corresponding population of galaxies today is unknown, and different types of galaxies are known to cluster with differing strengths. Nevertheless, their determination of Lyα absorber clustering is broadly consistent with what is expected for galaxies at high redshift, and their estimate of the evolutionary parameter ǫ is consistent with ours.
The growth of the correlation function of heavy-element absorbers, as shown in Figure 5 and if extrapolated to zero redshift using the evolving power law (eq. [3]), implies a large value for the present-day value of the correlation length: r 0 = 30 +22 −13 h −1 Mpc. This value is several times larger than the average value for field galaxies today, viz., r 0 = 5.4 ± 1.0 h −1 Mpc (Davis & Peebles 1983) , but is comparable to that of clusters, viz., r 0 = 16.4 ± 4.0 h −1 Mpc (Nichol et al. 1992) . The correlation length of galaxies today is known to depend on luminosity and type (Le Fèvre et al. 1996) , ranging up to 7.4 h −1 Mpc in the Stromlo-APM redshift survey (Loveday et al. 1995) and up to 14.5 h −1 Mpc in the Second Southern Sky Redshift Survey (SSRS2, Benoist et al. 1996) , for the most luminous early-type galaxies. Comparing all these values of the correlation length suggests that, on megaparsec scales, the C iv and Mg ii absorbers in the Vanden catalog are tracing the distribution of clusters, or of the most luminous super-L * galaxies in those clusters.
Of course, extrapolating our best fit in Figure 5 to zero redshift is highly uncertain, as reflected in the broad range in our estimate of r 0 today, and is dependent on an assumed power-law form for the evolution of the correlation function. This makes a determination of heavy-element absorber clustering at low redshift all the more important; however, the sample of low-redshift heavy-element absorption-line systems (e.g., Bahcall et al. 1996; is too small at present to be useful in this regard.
In a detailed three-dimensional numerical investigation of the evolution (from z = 5 to z = 2) of structure in the distribution of Lyα absorbers, Zhang et al. (1997) have found that the richest absorbers (N (H i) > 10 15 cm −2 ), and, correspondingly, heavy-element systems, tend to concentrate in nodules at the intersection of filamentary structures (with comoving separation of a few megaparsecs at z = 2) comprising the clustering network. Those nodules appear to represent the locus of galaxy clusters. The scale of clustering found in our study of heavy-element absorptionline systems (r 0 = 3.2 h −1 Mpc @ z = 2.2) appears consistent with this picture, and suggests that these systems are indeed tracing the richer agglomerations of the clustering network. The previous finding by QVY of superclustering of C iv absorbers on 100 h −1 Mpc scales suggests the existence of clustering in the nodules as well.
The strong clustering that we find in the heavy-element absorption-line systems is also not surprising, given that most of the sample consists of the strongest systems with relatively large equivalent widths (order 0.4Å and greater), and the recent claims D'Odorico et al. 1997 ) of a strong dependence of clustering strength on the column density of the systems. We do confirm that the weaker systems (equivalent widths 0.2Å and less) are less clustered than the stronger ones, by a factor of two or so; unfortunately, most of the spectra used to assemble the Vanden catalog are not of sufficient quality to yield a large number of weak systems.
The rapid growth in the correlation function, and the correspondingly large value of the evolutionary parameter ǫ = 2.05 ± 1.0 that is implied, is what would be expected in a critical universe (Ω 0 = 1), both from linear theory of gravitational instability (Peebles 1980 (Peebles , 1993 , with ξ ∝ (1 + z) −2 (or ǫ = 0.75 if γ = 1.75), and from numerical simulations Colin, Carlberg, & Couchman 1997) : For Ω 0 = 1, ǫ = 1.0 ± 0.1, whereas for Ω 0 = 0.2, ǫ = 0.2 ± 0.1.
We have made a preliminary fit to the evolution of the correlation function (eq.
[4]), using the growth factor g(z, Ω 0 , Λ) from linear theory of gravitational instability (Peebles 1980 , Peebles 1993 , and find, at the 95% confidence level, that Ω 0 > 0.2 (Λ = 0). This is just another manner of stating that the growth of correlations seen in Figure 5 is rapid, and mimics that expected from linear theory in a high-density universe. There are caveats, however, such as the possible evolution of the population of heavy-element absorbers, and a corresponding change in bias factor with redshift (since it appears that the absorbers are tracing high-density regions of space). Also, Peacock (1997) has noted that, due to non-linear effects, growth on quasi-linear scales of a few megaparsecs or less can appear, in an open universe, to be as rapid as that expected in a critical universe from linear theory.
Given the uncertainties in our determination of the evolutionary parameter ǫ, and our lack of understanding of the exact nature of the heavy-element absorbers, it is too early at present to derive a value for the density parameter, based on this work. A fruitful approach in the future may be more detailed numerical simulations of the heavy-element absorber network, like those of Zhang et al. (1997) for the Lyα forest. And certainly results from the upcoming Sloan Digital Sky Survey will add greatly to our understanding of the absorbers.
Summary
We summarize our results:
(1) We have analyzed the clustering of C iv and Mg ii absorption-line systems on comoving scales r from 1 to 16 h −1 Mpc, using an extensive catalog of heavy-element QSO absorbers with mean redshift z C iv = 2.2 and z Mg ii = 0.9. We find that, for the C iv sample as a whole, the absorber line-of-sight correlation function is well-fit by a power law of the form ξ aa (2) The clustering of absorbers at high redshift is thus of a form that is consistent with that found for galaxies and clusters at low redshift, and of amplitude such that absorbers are correlated on scales of clusters of galaxies. It appears that the absorbers are tracing the large-scale structure seen in the distribution of galaxies and clusters, and are doing so at high redshift. The finding strengthens the case for using absorbers in probing large-scale structure.
(3) We also trace the evolution of the mean amplitude ξ 0 (z) of the correlation function, as a function of redshift, from z = 3 to z = 0.9. We find that, when parametrized in the conventional manner as ξ 0 (z) ∝ (1 + z) −(3+ǫ)+γ , the amplitude grows rapidly with decreasing redshift, with maximumlikelihood value for the evolutionary parameter of ǫ = 2.05± 1.0 (q 0 = 0.5). This value is 3.3-σ from the no-evolution value (ǫ = −1.25); thus, at the 99.95 % confidence level, growth of the correlation function due to gravitational instability has been detected.
(4) When extrapolated to zero redshift, the amplitude of the correlation function implies that the correlation length r 0 = 30 +22 −13 h −1 Mpc, suggesting that the C iv and Mg ii absorbers, on megaparsec scales, are tracing the distribution of clusters of galaxies, or of the most luminous super-L * galaxies in those clusters. The scale of clustering suggests that these absorbers are tracing higher-density regions of space.
(5) The rapid growth seen in the clustering of absorbers mimics that expected in a higher-density universe (Ω 0 ∼ 1) from linear theory of gravitational instability, and is consistent with gravitationally induced growth of perturbations.
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A. Calculation of the Likelihood Function L.
Recall that the correlation function ξ aa (r, z) relates the observed density in the number of absorber pairs, n(r, z), separated by comoving distance r at redshift z, with the expected density in the number of pairs, n 0 (r, z), from an unclustered absorber population at the same separation and redshift:
The likelihood L is the probability of the data D, given a model (described by a set of parameters M ) for the correlation function ξ aa (r, z): L = P (D|M ). The data D consist of an observed set of absorber pairs i, each with comoving separation r i at redshift z i , contained in a small cell of size δr i δz i → 0. We include in the likelihood not only the probability P i (1) that one pair was observed in the ith cell δr i δz i , but also the probability P k (0) that no pair was seen in the remaining empty cells δr k δz k :
In taking the limit as the cell size goes to zero, and substituting equation (A1) into equation (A2), we find:
where the constant C is just a function of the data and has no dependence on the model parameters. We compute n 0 (r, z) and the integral by generating a large number of simulated catalogs of unclustered absorbers, using a bootstrap Monte Carlo method described in QVY. The integral term is then the mean ξ aa MC of the model correlation function, obtained by averaging ξ aa (r, z) over all random pairs in the Monte Carlo simulation, with r and z falling in the domain of interest:
log L = Shown are values for the low (1.2 < z < 2.0), medium (2.0 < z < 2.8), and high (2.8 < z < 3.6) redshift C iv sub-samples, as well as for the Mg ii sample (0.3 < z < 1.6).
The solid line is a maximum-likelihood fit of the form ξ 0 (z) ∝ (1 + z) −(3+ǫ)+γ , with ǫ = 2.05 and γ = 1.75. . We have fixed γ = 1.75 and z 0 = 2.2, and q 0 = 0.5. The cross marks the maximum-likelihood location, at ǫ = 2.05 and r 0 = 3.2 h −1 Mpc. The heavy and light contours mark the 1-σ and 2-σ credible regions, respectively. 
